We study the capability of the MAGIC telescope to observe under moderate 3 moonlight. TeV γ-ray signals from the Crab nebula were detected with the MAGIC telescope during periods when the Moon was above the horizon and during twilight. This was accomplished by increasing the trigger discriminator thresholds. No change is necessary in the high voltage settings since the camera PMTs were especially designed to avoid high currents. We characterize the telescope performance by studying the effect of the moonlight on the γ-ray detection efficiency and sensitivity, as well as on the energy threshold.
Introduction
Ground-based searches for very high energy (VHE) γ-ray emission from celestial objects are normally carried out by so-called imaging air Cherenkov telescopes (IACT) during clear, moonless nights. The MAGIC IACT (1) has been designed to carry out observations also during moderate moonlight. In this paper we describe the technical innovations and analysis changes that allow observations in the presence of the Moon.
The MAGIC (Major Atmospheric Gamma Imaging Cherenkov) Telescope is located on the Canary Island La Palma (2200 m asl, 28
• 45 ′ N, 17
• 54 ′ W ).
MAGIC is currently the largest IACT, with a 17 m-diameter tessellated reflector dish (2) . The camera is equipped with 576 6-dynode compact photo-multiplier tubes 1 (PMTs) with enhanced quantum efficiency (3) . The total field of view is 3.5
• , divided into two sections: an inner hexagon of 396 small pixels, of about 3 cm (0.1 • ) diameter, which also corresponds roughly to the trigger area, and the outer rings of 6 cm diameter pixels. The use of larger pixels in the outer zone reduces the cost of the camera, while the quality of the image, already limited in this zone by coma aberration, it not deteriorated.
One of the unique features of MAGIC is its capability to observe under moderate moonlight. MAGIC has an average duty cycle per year of about 12%
under strict condition of dark observations, i.e. between astronomical dusk and dawn and with the Moon below the horizon. If this strict requirement is relaxed to allow observations under moderate moonlight or twilight, an increase of the duty cycle to 18% (from ∼1000 to ∼1500 hours of observations per year) is possible. Such an increase in the duty cycle places MAGIC in a prominent position, in particular for the study of variable sources as well as in multi-wavelength campaigns together with other instruments.
Observations during moonlight were tested by the Whipple collaboration (4).
Their approach was based on restricting the PMTs sensitivity to the UV range, either by using solar blind PMTs or by using UV sensitive filters in front of regular PMTs (5) . Later, the CT1 telescope of the predecessor experiment HEGRA pioneered regular operations under moderate moonlight (6) , by lowering the PMT high voltages (HV). Regular observations were done with CT1 under such conditions, during its last years of operation. All these solutions were feasible, but also expensive, time consuming and not efficient in terms of energy threshold and sensitivity. Also, the change of the PMTs or of the filters were cumbersome during nights partially dark and partially with moonlight.
In section 2 we present the technical aspects regarding observations under moonlight with MAGIC. Section 3 describes the data used in this study, the analysis technique and some technical aspects related to the increase of the moonlight. Section 4 discusses the effects of the moonlight on the reconstruction of the shower images, based on Crab nebula data. In section 5 we present the telescope response in terms of γ-ray detection efficiency, sensitivity and energy threshold. The conclusions and some recommendations for moonlight data acquisition are given in Section 6. and ionize them. Quite a few of the ions might diffuse into the PMT front-end volume and get accelerated towards the cathode where they liberate a large number of electrons on impact, thus generating large secondary pulses (socalled afterpulses). The PMT ageing is dominantly caused by a damage of the last dynode due to this intense electron bombardment, which strongly reduces the electron emission of these dynodes. The reduction depends normally on the total charge per unit dynode area, as well as on the dynode material and its production characteristics. Due to the electron multiplication in the dynodes, obviously the last dynode is the most affected. The gain of a 1 cm 2 area CuBe dynode drops by a factor two for an integrated charge of 200-400 Coulomb.
In most cases the gain drop due to the ageing of the last dynode can easily be compensated by increasing the HV thus resetting the gain of the PMT back to the initial value. In order to study the range of ageing of the MAGIC PMTs under the influence of scattered moonlight an accelerated test has been carried out for a sample of ten of the Electron Tubes 9116 B PMTs which are used in MAGIC (7). The PMTs, operated at the standard MAGIC electronic conditions, were exposed to light from a stabilized red LED resulting initially in a mean anode current of 37 µA. The anode current drop was monitored regularly over a time period of 820 h. Figure 1 shows the gain drop, averaged over the 10 PMTs, for the duration of the test. We observed a gain drop of ≈ 19% per 1000 h operation at this high level of illumination. The integrated anode charge was 120 Coulomb. The maximum moonlight illumination which is allowed in MAGIC corresponds to an anode current of 8 µA. For this anode current we estimate a gain drop of 3.8% per 1000 h observation time. This time is more than a typical accumulated observation time per year during bright moonlight (here we make the assumption that no HV reset to recover the gain occurs during the gaps between nightly and monthly observations). For compensating this ageing effect we regularly readjust the HV of the MAGIC PMTS once or twice a year. From the accelerated ageing study and practical experience over more than two years one can conclude that the moonlight operation of low gain, six dynode PMTs is very safe and requires rarely modest gain adjustments. Actually, it is possible to operate the PMTs without serious degradation in the presence of much brighter moonlight. Like most other IACTs, MAGIC operates on a double trigger threshold (10),
i.e., the hardware trigger threshold which is determined by the fluctuations in the LONS, and a higher software threshold for image reconstruction. A typical trigger condition requires that a minimum number of neighboring pixels (e.g.
four in the present MAGIC configuration) exhibit a signal larger than a given threshold of a few phe within a short time window.
The PMT analog signal (see Figure 2 ) is transmitted over an optical fiber, converted into an electrical pulse and split into two branches. One of the branches is routed to the digitizers (FADCs). A second branch enters a discriminator, which issues a digital signal (5.5 ns FWHM) whenever the pulse exceeds a given threshold. The discriminator thresholds (DT) are set by an 8-bit digital-to analog converter (DAC) which is controlled from a PC. The thresholds can be modified during telescope operation. Table 1 ). The observations were carried out in ON/OFF mode, that is, the source was observed on-axis and observations from an empty field of view were used to estimate the background. Two data sets, one with zenith angle between 20
• and 30
• , and a second one between 30
• and 40
• , were acquired and analyzed separately. Depending on the different moonlight levels, the resulting anode currents ranged between 1 µA and 6 µA. Correspondingly, the DT was varied between 35 and 65 units. Data from quasi-simultaneous observations during dark time serve as reference when studying the performance of the telescope at those moonlight level conditions.
The acquired data were processed by the standard MAGIC analysis chain (11; 12) . The images were cleaned using absolute tail and boundary cuts at 10 and 5 phe, respectively. Quality cuts based on the trigger and after-cleaning rates were applied in order to remove bad weather runs and runs spoiled by car or satellite flashes. The shower images were parameterized using the following Hillas parameters (13) 
Effect of the Moon light on the Hillas Parameters
Several observation samples at different Moon illuminations, hence at different DT, were recorded for detailed studies of the impact of the moonlight on the analysis and the telescope performance. The distribution of the various Hillas parameters for each of these sets are to be compared with the reference set, derived from Crab nebula observations in dark conditions. As we increase the DT levels to counteract accidental triggers, one depletes the SIZE distribution of shower candidates, as expected, mostly at low values. However, we find that a substantial number of showers with SIZE up to 10 4 phe, i.e. those well above the trigger level (which is around 50 phe), are also suppressed (see Figure 4 ).
On the other hand, the LENGTH, WIDTH and CONC distributions above 200 phe do not show significant differences for events recorded either during dark nights or in the presence of the Moon. As an example, the distributions of LENGTH and WIDTH for SIZE>400 phe are shown in Figure 5 (panels a and b). Since these parameters have the highest discrimination power between γ and hadron events, we do not expect γ/hadron separation to degrade due to the presence of the Moon. On the other hand, below 200 phe the distributions are distorted by the different trigger threshold. A study of the effect of the moonlight on the threshold is presented in section 5.2.
Showers with SIZE>1000 phe are well above the trigger level, even for an increased DT due to the presence of the Moon. However, when the shower impact parameter is much larger than 100 m, i.e., the Hillas variable DIST is large, a significant fraction of the light falls outside the trigger area (1 • radius around the camera center for a camera FOV of 3.5 • ). In some cases, the fraction of the shower image contained inside the trigger area will not exceed the increased threshold for at least 4 neighboring pixels, as required for a trigger.
This effect is reflected in the DIST distribution, shown in Figure 5c ). For a lower SIZE cut of 400 phe there is an increased reduction of showers at large DIST (≥0.8
• ) values , i.e. those not fully contained in the trigger area, confirming our hypothesis. Further confirmation was obtained by two different tests. First, the DIST distributions for events fully contained in the trigger region were compared (Figure 5d ). In such a case we find similar distributions, confirming our hypothesis that the differences shown in Figure 5c ) are coming from events whose image is only partially contained in the trigger region. A last test was performed by observing Crab in dark conditions (DC∼1.1 µA), but with increased DTs. In this case we found similar inefficiencies as those shown in Figure 5c ). Therefore we can conclude that the change of the DIST distribution is not related to the mean DC current (i.e. with the camera illumination) but only to the DT level.
These results show that moonlight does not distort the images from Cherenkov showers -for an image cleaning based on the pixels' absolute light content, as that used in MAGIC. This has two important consequences. At first, the analysis based on the Hillas parameters does not have to be adapted for data acquired under moonlight, and in particular the γ/hadron separation power is not reduced for these kind of observations. Secondly, the differences that we find in the event rates and the DIST distributions are exclusively due to the fact that the DTs were increased to keep a low rate of accidental events, together with the fact that the trigger area does not span the whole camera.
It is important to remark that this is a merely technical issue, imposed by the intrinsic maximum rate the DAQ system can handle (about ∼ 500 Hz in the present MAGIC configuration). For this study we followed the conservative approach of increasing the DTs, and hence the dependence of the telescope response on the level of Moon illumination will be parameterized as a function of DT. However, with a fast enough DAQ system, we could keep constant the DTs and deal with the increased amount of accidental events produced by the moonlight during the off-line analysis, or by a more developed second-level trigger system.
Telescope Performance
As was shown above, shower images are not distorted by the moonlight. However, the performance of the telescope is modified for this kind of observations with respect to dark conditions, due to the increase of the DTs. As is shown in Figure 4 , there is a reduction in the collection area over a wide range of energies. In principle, this effect could be taken into account by proper MC simulation of the different trigger conditions. In practice, however, the DTs are not fixed during the MAGIC observations, but change dynamically to compensate for short term variations of the camera illumination caused by the movement of the Moon and the source along the sky, as well as for variations of the position of stars in the MAGIC camera. This makes such a simulation a difficult task. Instead, we use Crab nebula observations to estimate the efficiency of detecting γ-rays, for every DT and SIZE, relative to the values for dark observations. These values are used during the off-line analysis together with the MC simulation with standard DTs to calculate the correct collection areas for every DT and SIZE. We also compute the effect of the moonlight on the telescope sensitivity (the minimal flux detectable with 5σ significance in 50 hours of observations), and on the energy threshold. Note that we will in the following use the level of DT as an equivalent measure of the moonlight.
γ-ray Detection Efficiency and Telescope Sensitivity
Observations of the Crab nebula are divided into different samples according to the observation date and the DT value. For each of the samples we get a measurement of the γ-ray rate (R), i.e. the number of excess events per unit time. We find that, for a given SIZE range, the dependence of R with the DT is well described by a linear function:
where R 0 is a normalization factor, S ǫ is the efficiency loss rate, and DT 0 is a reference DT value that, for convenience, is chosen as the one used in dark observations, i.e. DT 0 = 35. We present the results for ǫ ≡ R/R 0 , i.e. the γ-ray detection efficiency with respect to the case DT = DT 0 = 35 (dark observations Figure 6 . The fit parameters obtained for both zenith angles are compatible within statistical errors. This allows us to perform a combined fit for both samples. We obtain the following expression for the γ-ray detection efficiency:
The error quoted is obtained from the fit and it does not include any correlation with the normalization factor. The overall uncertainty obtained from the residuals of the individual data points is 0.1. This most likely comes from variations in the experimental conditions (weather, hardware, etc) in the different observation nights, and can be regarded as a measure of the systematic point-to-point uncertainty when measuring light-curves within the total observation time of our analysis, that is, three months. The results show that the γ-ray detection efficiency for events above SIZE > 400 phe is reduced with the moonlight brightness with a rate of 1.41% per DT count, implying that, for high illumination of the camera, detection efficiency losses up to 50% are expected. Moreover, this result seems to be independent of the studied zenith angle range. A study of the different dependence of the efficiency as a function of SIZE will be discussed in Subsection 5.2.
We have also measured the loss of sensitivity (s) produced by the increase of the DTs. In dark conditions the flux sensitivity (s 0 ) of the MAGIC telescope above 400 phe is 2.5% of the Crab nebula flux (17) . The relative sensitivity (s/s 0 ) is computed using Crab nebula observations under different moonlight conditions by:
where N γ and N bkg are, respectively, the number of excess and background events after analysis cuts (see Section 3) for an observation lasting a time t.
The upper index 0 stands for the values for the DT=35. The dependence of the sensitivity loss as a function of DT for a SIZE cut >400 phe is shown in Figure 6 . It is well fitted by a linear function, parameterized as s/s 0 = 1 + S s (DT − DT 0 ), where S s is referred to as sensitivity loss rate, that is:
Therefore, a loss of sensitivity of (6.3±1.6) per DT unit is observed for a cut SIZE>400 phe. This value can be compared with the (1.4 ± 0.32)% loss in the γ-ray detection efficiency obtained in Equation 2. For instance, for a rather high moonlight brightness, e.g. for DT=60, we get a γ-ray detection efficiency of 65% but the sensitivity decreases only by 15% (e.g. from a 2.5% to a 2.9% of the Crab nebula flux). This is due to the fact that signal and background rates both are equally reduced by an increase of the trigger threshold. The effect is further illustrated in Figure 7 , where the distributions of ALPHA for dark and strong moonlight observations are compared (in this case the reduction of signal and background rates is a factor of ∼ 2). One expects the loss of sensitivity to go as the square root of the loss of γ-ray rate, which is, within
statistical errors, what we find in our data.
The results described above are compared with Monte Carlo (MC) simulations, for which the background light fluctuations and pixel trigger thresholds are increased in agreement with the values observed in the data. In Figure 8 we show the results of the fit to the γ-ray detection efficiency as determined from the different Crab nebula observations (from Figure 6) , together with the results of the MC simulation. The result shows agreement in the general trend.
The evident discrepancy between data and MC at large DT can be attributed to the fact that the simulation of the MAGIC trigger is not yet optimized for this type of observations. Note that the results shown in this paper rely on real data events only, and therefore are not affected by this discrepancy.
Dependence on SIZE and Energy
The results obtained in the previous section are valid for the integral flux above SIZE>400 phe. However, the loss of efficiency and sensitivity are expected to depend strongly on SIZE and hence on the energy. Figure 9 shows the γ-ray rate as a function of the energy (both in absolute value and relative to the values for dark observations), for three different moonlight intensities. As expected, the loss is larger for more intense camera illuminations mainly at low energy values, whereas for high energies we find no significant differences.
In order to quantify the impact of the moonlight in the physical parameters extracted from the MAGIC observations (that is, the flux normalization and spectral shape), we fit a power-law function (R = (1 − R 400 )(
to the relative γ-ray rate (Figure 9b ) for the different moonlight intensities.
The normalization is chosen at 400 GeV to minimize the correlation between the errors of the two free parameters, namely: R 400 and ∆α. The fit yields R 400 = 0.26 ± 0.07, ∆α = −0.17 ± 0.12 for a weak camera illumination and R 400 = 0.46 ± 0.05, ∆α = −0.31 ± 0.12 for a strong camera illumination. R 400 and ∆α can be regarded as the systematic effect that would be introduced in the determination of the spectral parameters if not treating properly the moonlight-related changes. They can be compared to the systematic errors coming from other sources: ∼ 10% for the flux normalization (see Section 5) and 0.2 for the spectral index, to stress the importance of this study to measure the spectral parameters.
In order to understand the dependence of the γ-ray detection efficiency on the energy we have the same study for four bins of SIZE, namely describes reasonably well the data in all SIZE bins considered. The efficiency loss rate (S ǫ ) decreases as SIZE increases since the probability of showers passing a high trigger level is higher for larger images. For high enough values of SIZE the γ-ray detection efficiency remains constant with DT (at least up to DT=60).
We observe no significant differences in the γ-ray detection efficiency between medium and low zenith angles, that is, the effect of the Moon does not depend on the zenith angle of the considered source. Figure 11 shows S ǫ as a function of SIZE. The x-values of the shown data are the peak of the SIZE distribution for the different considered bins, obtained from MC simulated γ-ray events based on a Crab-like power-law spectrum and nominal DT. Up to SIZE=3000 phe we find a linear dependence that can be parameterized by:
The quoted errors are obtained from the fit, and include the correlation between the two free parameters. This is a very useful result since, together with A similar analysis has been carried out to evaluate the differential sensitivity loss as a function of energy, i.e. as a function of SIZE. Figure 10 shows the sensitivity loss rate as a function of DT for the four aforementioned SIZE bins. For lower SIZE the sensitivity degrades with increasing DT reaching a maximum relative value of 50%, while for larger SIZE it remains roughly constant with increasing DT. The sensitivity loss rate as a function of SIZE is shown in Figure 13 . A linear fit to the data yields:
We tested the dependences quoted in Equations 5 and 6 under different HADRONNESS and ALPHA cuts, obtaining in all cases similar results in the efficiency and sensitivity loss rate within the statistical and systematic uncertainties.
Finally, it is important to understand the influence of the moonlight on the energy threshold. We define the energy threshold as the peak of the energy distribution of all events after image cleaning and before analysis cuts. The energy is estimated assuming the correspondence SIZE/energy obtained from a MC simulated γ-ray sample (zenith angle 20 − 30 • ). The dependence of the energy threshold is well described by the following linear function (see Figure 14 ):
where the errors quoted are obtained from the fit and include the correlation between the two free parameters. From the above expression, the energy threshold increases ∼ 1 GeV per DT unit. An increase of the threshold from ∼ 70 to ∼ 95 GeV at a mean zenith angle of 25
• is observed at the maximally allowed camera illumination. This increase is relatively marginal, and it has to be noted again that it is due to the increase of the DTs, and hence only indirectly to the increase in the camera illumination.
Conclusions
The camera of the MAGIC telescope was designed to run under moderate moonlight or twilight by means of a reduced gain of the PMT dynode amplification system. MAGIC PMTs have been shown to operate under illumination up to thirty-five times stronger than the dark sky with no substantial degradation of their performance. The telescope has routinely operated in moonlight and twilight conditions for the past two years.
We have characterized MAGIC's response in observations under moderate moonlight or twilight, using Crab nebula observations. The DTs were increased to keep the rate of accidental triggers produced by the moonlight roughly constant. We have found that, under such experimental conditions, we can characterize the performance of the telescope in terms of the selected DT value. In comparison, the noise induced by the moonlight itself has been shown to contribute in a negligible way. The distributions of the Hillas variables -and hence the γ-hadron separation power-are in good agreement. This makes the data taken under moonlight very simple to analyze, since no special treatment is required at the calibration, image cleaning and γ/hadron separation stages. Another important consequence is that, with a DAQ system capable of handling a much higher rate, no changes on the DTs are required, and the images produced by Cherenkov showers would still be basically of the same quality compared to those recorded during dark nights. During MAGIC operation, the DTs are set to a minimum value ensuring both, a low rate of accidental trigger events, and a minimal decrease of the collection area. Our results suggest that this is a somewhat conservative approach, and that the only real limitation is given by the intrinsic maximum rate of the DAQ system.
The possibility of changing the second level of trigger (e.g. to a five neighboring pixels configuration) to reject the accidental events without increasing the DTs is left for a future study.
The increase in the DT produces a marginal increase of the telescope's energy threshold, even for the most intense illuminations tested in this study. On the other hand, we have found important effects in the collection area in a wide range of energies, attributable to the increase of the DTs and a relatively small trigger area, that have been parameterized in terms of losses in the γ-ray detection efficiency. The sensitivity is comparatively less affected, due to the fact that hadrons also suffer from the same detection efficiency losses. The loss of sensitivity that we measure is compatible with zero at high energies, while for low energy/SIZE values the effect becomes important. The γ-ray detection efficiency decreases linearly with increasing DT levels and decreasing SIZE. Such dependences have been fully characterized using observations of the Crab nebula. When analyzing MAGIC's moonlight or twilight data, the only concern is to correct the number of γ-ray events in a spectrum or light curve by the efficiency corresponding to the given DT and SIZE values, with no need of special MC simulations for the large (in principle, infinite) variety of moonlight conditions. It is also shown that these results are valid independent of particular analysis cuts, provided they are based on the Hillas image 
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